We propose a novel method to generate triangular pulses based on the nonlinear polarization rotation (NPR) effect in a highly nonlinear fiber. A continuous wave probe beam is polarization-rotated by an intensity-modulated control beam via the NPR effect. A polarization-division-multiplexing emulator is exploited to split the probe beam into two orthogonally polarized states with imbalanced time delay. After detection by a photodetector, a 90°microwave phase shifter is used to compensate the phases of the fundamental and the third-order harmonic components in order to generate triangular pulses. Triangular pulses at 5 and 6 GHz with full duty cycles are experimentally generated. The root mean square errors between the generated and the simulated waveforms are 3.6e − 4 and 1e − 4 for triangular pulses at 5 and 6 GHz, respectively.
Photonic triangular pulse generation has attracted much attention due to its widespread applications in signal processing [1] [2] [3] . For example, the joint use of triangular pulses and the cross-phase-modulation effect can realize all-optical format conversion from time-division multiplexed signals to wavelength-division multiplexed signals [1] . It has also been reported that triangular pulses can be used, for example, for pulse compression, doubling of optical signals, and signal copying [2, 3] . So far, much effort has been put into photonic generation of triangular pulses [4] [5] [6] [7] [8] [9] [10] [11] . External modulation of an optical carrier has been considered as a promising method. The external modulators are usually driven by a sinusoidal microwave signal. Triangular pulses were successfully generated using a Mach-Zehnder modulator, a dual-parallel MachZehnder modulator, or a polarization modulator (PolM) [4] [5] [6] [7] [8] [9] . In [8] , a PolM was inserted in a Sagnac loop. The bidirectional use of the PolM enables independent control of the optical carrier and the odd-order and evenorder optical sidebands. Triangular pulses were generated by separately manipulating microwave harmonics with different orders. Recently, the stimulated Brillouin scattering (SBS) effect in optical fiber was used to generate triangular pulses by selectively amplifying the optical carrier of an intensity-modulated optical signal [9] .
On the other hand, photonic generation of triangular pulses has been proposed using frequency-to-time mapping in a dispersive element by predesigning the spectrum of ultrashort optical pulses [10] . Recently, a self-convolution of an ultrashort rectangular pulse has been exploited to generate triangular pulses [11] . However, the triangular pulses generated using an ultrashort optical pulse have a small duty cycle (<1) since the duty cycle of the ultrashort pulse is usually much less than 1. For many applications, triangular pulses with full duty cycles1 are highly desired [3] .
In this Letter, we present a novel approach to generate triangular pulses based on the nonlinear polarization rotation (NPR) effect in a highly nonlinear fiber (HNLF). This is the first time, to the best of our knowledge, that the NPR effect is used to generate triangular pulses. Compared with the approaches reported in [4] [5] [6] [7] [8] [9] , the external modulators are not required any more, as the control beam in our scheme can be obtained by selecting two modes of a mode-locked laser. Moreover, compared with other all-optical methods [10, 11] , the proposed method is capable of generating triangular pulse with a full duty cycle. The proposed approach is theoretically analyzed and experimentally verified. Triangular pulses at 5 and 6 GHz with full duty cycles are experimentally generated. The root mean square errors (RMSEs) between the generated and the simulated waveforms are 3.6e − 4 and 1e − 4 for triangular pulses at 5 and 6 GHz, respectively.
Our photonic triangular pulse generator is depicted schematically in Fig. 1 . A continuous wave (CW) probe beam and a control beam are sent to a HNLF to stimulate the NPR effect. The control beam is an intensitymodulated optical signal which is given by where P c is the peak power of the control beam. ω m is the angular frequency of the microwave signal applied to an intensity modulator (IM). Along the HNLF, the control beam results in additional birefringence which generates different refractive index variation for the slow and fast axes of the HNLF through the Kerr effect. The state of polarization (SOP) of the linearly polarized control beam defines the slow axis of the HNLF. When the linearly polarized CW probe beam is coupled into the HNLF with an angle of 45°with respect to the slow axis of the HNLF, the SOP of the probe beam will be rotated by the control beam, which is the so-called NPR effect [12] . The refractive index of the HNLF after the injection of the control beam can be expressed as n s t 2n s P c t;
where n s and n f are the nonlinear refractive indices of the slow and fast axes of the HNLF, respectively. The phase variation experienced by the probe beam at the slow and fast axes of the HNLF can be expressed as φ s t k p Ln s t β s P c t;
where k p is the wavenumber of the probe beam, and L is the length of the HNLF. Moreover, we assume β s 2k p Ln s and β f 2k p Ln f . If the third-order nonlinearity of the HNLF is induced by a purely electronic response, we have η β f ∕β s n f ∕n s 1∕3 [12] . The electrical field of the probe beam at the output of the HNLF can be expressed as
where expjω p t denotes the electrical field of the probe beam, and ω p is the angular frequency of the probe beam. After the HNLF, a tunable optical filter (TOF) is used to remove the undesired control beam. The probe beam is then launched to a polarization-division-multiplexingemulator (PDME). The structure of the PDME is illustrated in Fig. 1 . It consists of a polarization beam splitter (PBS), a variable optical delay line (VODL), and a polarization beam combiner (PBC). The SOP of the E s t of the probe beam is aligned at an angle of 45°with respect to one principal polarization state of the PDME. The electrical field at the output of the PDME is given by
where E ∥ t and E ⊥ t represents the electrical fields at two principal polarization states of the PDME. φ 0 is a static phase shift between E s t and E f t which is controlled by a polarization controller (PC3), as shown in Fig. 1 . Δt is the time difference between the two arms of the PDME which can be tuned by the VODL. After detection by a photodetector (PD), the photocurrent can be expressed as
where γ β s 1-ηP c ∕2 and Φ 0 β s 1 − ηP c 2φ 0 ∕2. If we let Φ 0 5π∕4 by adjusting the PC3 and apply the Jacobi-Anger expansion to Eq. (6), we have
where J n J n γ is the Bessel function of the first kind of order n.
The Fourier series expansion of a triangular pulse Tt is given by
where Ω is the fundamental angular frequency. The triangular pulse is comprised of only odd-order harmonics.
If a fixed time delay T 0 is added to the triangular pulse, its shape should keep unchanged, so, we have
The full requirements of generating a triangular pulse in terms of amplitudes (1∕k 2 ) and phases (kΩT 0 ) of the harmonic components can be found in Eq. (9) . It has been demonstrated that two Fourier components can make a good approximation of a triangular pulse, as the powers of the higher-order harmonics decrease dramatically [4] [5] [6] [7] [8] [9] . In this context, we consider the generated microwave harmonics up to the third-order one. Equation (7) can thus be rewritten as
Comparing Eq. (10) with Eq. (9), the second-order harmonic at 2ω m should be eliminated in order to generate a triangular pulse. Thus, we have 2ω m Δt 2πm (m is an integer). Moreover, J 3 ∕J 1 1∕9 (i.e., γ 1.51) has to be satisfied. So, Eq. (10) can be simplified as
As can be seen from Eq. (11), the phases for the fundamental tone and the third-order harmonic are 0 and π, respectively, which violates the requirement to generate triangular pulses, as shown in Eq. (9) . Therefore, a 90°b roadband microwave phase shifter (MPS) is added at the output of the PD as shown in Fig. 1 to compensate for the phases of the fundamental and third-order tones [5] . The finally generated photocurrent can be expressed as
The phases for the fundamental tone and the thirdorder harmonic component are changed to π∕2 and 3π∕2, respectively. Now, Eq. (12) fully satisfies the requirement of generating triangular pulses.
A proof-of-concept experiment was carried out based on the experimental setup shown in Fig. 1 . An optical carrier from a laser diode (LD1) at 1549.94 nm was used as the CW probe beam. The other optical carrier from LD2 at 1553.92 nm was intensity-modulated by an IM which was driven by a 5 GHz sinusoidal microwave signal from a microwave source (MS). The intensity-modulated optical signal acted as the control beam. The powers of the probe and control beams were amplified by two erbiumdoped fiber amplifiers (EDFA1 and EDFA2) up to 9 and 19 dBm, respectively. The SOPs of the probe and control beams were tuned by PC1 and PC2, respectively. The probe and control beams were combined by a 3 dB optical coupler. The measured optical spectrum at the output of the optical coupler is shown in Fig. 2(a) . The combined optical signal was sent to a HNLF to generate the NPR effect. The HNLF has a length of 1 km, a nonlinear coefficient of 10 W −1 · km −1 , and a zero dispersion wavelength of 1552 nm. Therefore, the wavelengths of the control and probe beams are selected to be around 1552 nm. The measured optical spectrum at the output of the HNLF is shown in Fig. 2(b) . The probe beam was polarization-modulated via the NPR effect. Then, a TOF with a bandwidth of 0.65 nm was used to remove the undesired control beam. The optical spectrum at the output of the TOF is shown in Fig. 2(c) . The transmission response of the TOF is also shown in Fig. 2(c) . The optical signal was boosted by EDFA3 before it was launched to the PDME. The commercial PDME has a compact structure, which is insensitive to the environmental changes.
The time difference between the two arms of the PDME was tuned to be 100 ps in order to suppress the second-order harmonic at 10 GHz. The measured electrical spectrum at the output of the PD is shown in Fig. 3(a) . The bandwidth of the PD is 40 GHz. The fundamental tone at 5 GHz and the third-order harmonic at 15 GHz are the dominant frequency components. The third-order harmonic is 20.01 dB lower than the fundamental tone.
This value is very close to the ideal one of 19.08 dB (corresponding to an amplitude ratio of 1/9). The measured waveform is shown in Fig. 3(b) as a green solid line. As predicted in the theoretical part, the generated waveform is not a triangular pulse, as it violates the phase requirement of generating a triangular pulse. The simulated waveform is shown in Fig. 3(b) as a black dashed line. The measured and the simulated results fit well with each other. To generate a triangular pulse, a fixed 90°broadband MPS with a bandwidth from 1 to 18 GHz was added after the PD. The resulting electrical spectrum is shown in Fig. 3(c) . It is quite similar to the one shown in Fig. 3(a) . The third-order harmonic is 20.84 dB lower than the fundamental one. However, the generated waveform, as shown in Fig. 3 (d) as a pink solid line, is a triangular pulse at 5 GHz with a full duty cycle. The simulated triangular pulse (black dashed line) agrees well with the measured one. The RMSE between the measured and the simulated results is 3.6e − 4, while that between the measured and the ideal waveforms is 2e − 3.
To show the tunability of the proposed triangular pulse generator, the frequency of the sinusoidal microwave signal fed to the IM was changed to 6 GHz. The time difference between the two arms of the PDME was tuned to be 83 ps to suppress the second-order harmonic at 12 GHz. First, the 90°MPS was removed. The measured electrical spectrum at the output of the PD is shown in Fig. 4(a) . The second-order harmonic is smaller than that in Figs. 3(a) and 3(c) . The limited suppression of the second-order harmonic in Figs. 3(a) and 3(c) can be attributed to the imbalanced amplitudes between the two arms of the PDME when the VODL is tuned. The third-order harmonic is 19.4 dB lower than the fundamental one. The measured and simulated waveforms are shown in Fig. 4(b) . Obviously, it is not a triangular pulse. Then, the 90°MPS was added after the PD again. The measured electrical spectrum shows that the third-order harmonic is 19.39 dB lower than the fundamental tone. The measured triangular pulse at 6 GHz is shown in Fig. 4(d) , which agrees well with the simulated waveform (see the black dashed line). The RMSE between the measured and the simulated waveforms is 1e − 4 and that between the measured and ideal waveforms is 6.8e − 3.
It is worth noting that the repetition rate of the generated triangular pulse is limited to 6 GHz in our experiment due to the limited bandwidth of the 90°b roadband MPS, as the third-order harmonic is limited to 18 GHz. To generate triangular pulse with higher repetition rate, a 90°MPS with wider bandwidth is required.
In summary, a novel scheme to generate triangular pulses has been proposed based on the NPR effect in a HNLF. The theoretical principle of our approach has been analyzed thoroughly. A proof-of-concept experiment has been carried out to verify the proposed approach. Triangular pulses at 5 and 6 GHz were experimentally generated. The generated triangular pulses match the simulated ones very well. The RMSEs between the measured and simulated triangular pulses are 3.6e − 4 and 1e − 4, respectively. The sinusoidal signal applied to the IM is 6 GHz.
